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Abstract 
INTRODUCTION 
Accepted 4 August 1993. 
Wheat grain production in the main arable areas of the EC was calculated with a simulation 
model, WOFOST, using historical weather data and average soil characteristics. The sensitivity of 
the model to individual weather variables was determined. Subsequent analyses were made using 
climate change scenarios with and without the direct effects of increased atmospheric CO.,. The 
impact of crop management (irrigation and cultivar type) in a changed climate was also asse;sed. 
Sensitivity analyses show that water-limited grain production of winter wheat increased with 
increasing vapour pressure, rainfall and atmospheric C02 concentration and decreased with 
increasing· windspeed, temperature (except for southern EC) and solar radiation. The various cli-
mate change scenarios that were used yielded considerably different changes in production, both 
for each location and for the EC as a whole. For example, the average water-limited grain pro-
duction in the EC may remain constant or may decrease by about 1 000 kg ha- 1 depending on 
scenario. If the direct effect of increasing C02 is also taken into account, the average water-lim-
ited grain production in the EC increased by about 1 000 kg ha- 1or more. Management analyses 
showed that for both the present and scenario generated climates the largest water-limited grain 
production will be attained by cultivars with an early start of grain filling, that average irrigation 
requirements to attain potential grain production will increase with climate change in northern EC 
and decrease in southern EC, and that with both increasing C02 and climate change irrigation 
requirements in northern EC remain unchanged and decrease further in southern EC. 
Key-words: climate change, winter wheat, simulation model, crop production, EC, scenario 
analysis. 
Since agricultural production is greatly affected by 
climate, any changes in climate which may result 
from increasing concentration of greenhouse gases in 
the atmosphere could have dramatic consequences for 
agricultural production potential. In this study the 
effects of climate change on the production of winter 
wheat in the EC (European Community) and the 
implications for crop management were analysed. 
mating the production levels of crops grown under 
well-specified conditions. These methods are based on 
the application of crop growth simulation models, 
combining knowledge about crop characteristics and 
their interactions with the environment. 
Prior to evaluation of the effects of climate change 
the sensitivity of wheat production to separately 
changed weather variables was determined. To ana-
lyse the effects of climate change on the production 
potential of winter wheat in the EC, 20 locations, rep-
resentative of the main agro-climate conditions in the 
EC, were chosen. The production was calculated for 
current and changed climate conditions, using climate 
change scenarios (Barrow, 1993). The direct effect of 
increasing atmospheric C02 concentrations was incor-
porated in the production calculations for the changed 
climate and the impact of changes in crop manage-
ment were also determined. 
The relationship between climate, crop growth and 
production is complicated as a large number of cli-
mate, soil, landscape and crop characteristics are 
involved. As a result, the effects of climate change on 
crop production cannot be described in terms of sim-
ple and average relations between the two. In the last 
two decades methods have been developed for esti-
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METHODOLOGY 
l\t1odel description 
A dynamic crop growth model WOFOST, develo-
ped for calculating agricultural production potential on 
the basis of physiological, physical and agronomic 
information, was used. This model can easily be 
applied to a large number of combinations of differ-
. ent weather data, soil characteristics and crop species. 
The principles underlying this model have been dis-
cussed in detail by van Keulen and Wolf ( 1986) and 
the implementation and structure have been described 
by van Diepen et al. (1988, 1989). Its application for 
quantitative land evaluation and for regional analysis 
of the physical potential of crop production has been 
described by van Keulen et al. ( 1987) and van 
Diepen et al. ( 1990) and its use for analysis of the 
effects of climate change on crop production has been 
discussed by van Diepen et al. (1987) and Wolf and 
van Diepen (1991 ). 
In the model, crop growth is simulated from sow-
ing to maturity on the basis of physiological pro-
cesses as determined by the crop's response to envi-
ronmental conditions. The simulation is carried out in 
time-steps of one day. The major processes consider-
ed are C02 assimilation, respiration, partitioning of 
assimilates to various plant organs, transpiration and 
phenological development. 
Two levels of crop production are calculated. 
Firstly, the potential production which is determined 
by crop characteristics, temperature and solar radia-
tion, and can be realized in situations where the sup-
ply of water and plant nutrients, and crop manage-
ment are optimum. Secondly, the water-limited 
production, determined by crop characteristics, tem-
perature, solar radiation and water availability (dic-
tated by rainfall pattern and soil physical properties), 
which can be realized in situations where the supply 
of plant nutrients and crop management are optimum. 
Available soil moisture in the root zone follows 
from quantification of the water balance including 
rainfall, surface runoff, soil-surface evaporation, crop 
transpiration and leaching from the root zone. If the 
moisture content in the root zone is too low or too 
high, water uptake by the plant roots is reduced, 
stomata close and the water-limited growth is 
reduced : in a dry soil due to water shortage, in a 
wet soil due to oxygen shortage. 
Data 
In order to apply the model, data that specify crop 
growth and phenological development are required, 
including information on initial crop weight, proper-
ties that determine assimilation and respiration pro-
cesses and response to moisture stress, partitioning of 
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assimilates to plant organs, life span of leaves, and 
death rates of plant organs. For the most part a stan-
dard crop data set was used (van Heemst, 1988). 
Information from field experiments in !he Netherlands 
and UK (Darwinkel, 1985 ; Green and Ivins, 1985 ; 
Green et a/., 1985; Groot, 1987; PAGV, 1987; 
Porter et al., 1987) was used to assess data specify-
ing the rate of phenological development, the level of 
production and the partitioning of assimilates to the 
plant organs. These data were used for all locations 
in the EC. Comparison of model output with informa-
tion on production levels and grain/straw ratios from 
variety trials in other countries (France, Italy and 
Spain) and on the rate of phenological development 
in all regions in Europe (Thran and Broekhuizen, 
1965) indicated that this Europe-wide use of crop 
data was quite realistic. 
The direct effect of increasing atmospheric C02 
concentration on the C02 assimilation and growth of 
the wheat crop was incorporated into the model by 
increasing the maximum value and initial angle of the 
C02 assimilation - light response curve of single 
leaves, by increasing the thickness of leaves, and by 
slightly decreasing the transpiration rate. These 
changes in model parameters were based on studies 
by Allen et al.' (1990), Goudriaan et al. (1984 ), 
Goudriaan et al. ( 1985), Goudriaan ( 1990), Goudriaan 
and Unsworth (1990), Goudriaan and de Ruiter (1983) 
and ldso ( 1990), and on literature surveys on crop 
responses to C02 doubling by Cure ( 1985), Cure and 
A cock ( 1986) and Kimball ( 1983 ). 
In order to calculate C02 assimilation rates, daily 
minimum and maximum air temperatures, atmospheric 
C02 concentration and solar radiation are required (Goudriaan and van Laar, 1978). To calculate the 
components of the water balance, daily rainfall, wind-
speed and vapour pressure are also required. For 
example, the calculations of potential rates of evapo-
ration and transpiration that are made with the 
Penman formula require data on radiation, average 
daily air temperature, vapour pressure and windspeed 
(Frere and Popov, 1979). Daily weather data for 
20 meteorological stations, representative of the main 
arable land areas in all EC countries (Figure 1) 
except Greece (for which no sets of daily weather 
data were available), were used. For most stations the 
sets of historical weather data covered a period of 
20 years (1966-85). 
In order to calculate soil water balance, the soil's 
infiltration, retention and transport properties must be 
known. These soil physical characteristics are defined 
by effective soil depth, soil moisture characteristics 
(notably soil porosity and volumetric moisture con-
tents at field capacity and wilting point, respectively), 
maximum infiltration rate or surface runoff fraction, 
and the hydraulic conductivity of the subsoil. For 
each meteorological station the main soil types that 
occur on arable land areas within a radius of 100 to 
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150 km around the station (Figure 1 ), were obtained 
from the soil map of the European Communities 
(CEC, 1985). This map gives information per unit on 
soil type, texture class, characteristics such as gravel-
liness, stoniness, shallow rocks etc., and slope gradi-
ent. By interpreting this information (mainly based on 
. King and Daroussin, 1989 and Reinds et a/., 1992) 
quantitative terms for use in the simulation model 
could be obtained : fraction of precipitation lost by 
surface runoff, maximum effective rooted soil depth 
(~ 100 em for winter wheat) and available volumetric 
moisture content in the soil. Areas with a slope gra-
dient of more than 15 per cent. were left out, as 
being too steep for arable farming. For all soil types 
the ground water table was assumed to be at such a 
depth that it did not influence the water balance and 
that excess water drained rapidly to the subsoil, so 
that growth reduction due to oxygen shortage did not 
occur. 
l\'lodel validation 
Potential grain production was calculated for 
weather data from Wageningen and de Bilt (about 
40 km west of Wageningen), the Netherlands, over 
the period 1980-88. Going back in time from 1980, 
grain production from field trials appeared to decrease 
rapidly with time as a result of less optimum crop 
management and less productive crop varieties. 
Therefore, these production data could not be used for 
comparison with calculated grain production. 
Calculated potential grain production levels were com-
pared with actual results from variety trials (Figure 2) 
that were carried out over the period 1980-88 in 
Randwijk (in the neighbourhood of Wageningen) and 
in Wieringerwerf (about 130 km north of 
Wageningen), both on clay soils with a relatively high 
groundwater level and no water shortage in summer. 
The comparison showed that the calculated varia-
tion in grain production over time was much smaller 
than the variation in grain production found in the 
variety trials. In years with a high level of solar radi-
ation during grain filling, actual grain production was 
relatively large. In those years losses by diseases 
mainly associated with ripening (fungi such as mil-
dew) were limited and hence calculated and actual 
grain production levels were comparable. In years 
with abundant rainfall and a low level of solar radi-
ation during grain filling both calculated and actual 
grain production levels were relatively low. However, 
grain production levels in variety trials were found to 
be 10 to 20 per cent lower than calculated ones, 
which has to be explained by the considerable losses 
due to ripening diseases in those wet years. 
Unfortunately, the production-reducing effects of dis-
eases could not be calculated with the crop growth 
simulation model. 
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Figure 1. Sets of historical weather data used for calculating 
the wheat production potential in the EC, were available for 
the following meteorological stations : Kinloss and Nottingham 
in the U.K. ; Mullingar in Ireland; Alborg in Denmark; de 
Bitt in the Netherlands ; Bremen, Mannheim and Miinchen in 
Germany; Lille, Orleans and Toulouse in France; Santander, 
Barcelona, Madrid and Sevilla in Spain ; Porto and Lisbon in 
Portugal ; Milan, Pescara and Brindisi in Italy. Data for each 
station can be considered representative of the arable land 
area around that station, as roughly indicated (exclusive of 
areas of sea, wetlands, mountains etc.). 
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Figure 2. Potential grain production of winter wheat calcula-
ted for Wageningen and de Bill, Netherlands and actual grain 
production from variety trials on clay soils in the Netherlands. 
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RESULTS 
Baseline 
Potential production was about 9 000 kg ha-t dry 
matter of grain. Higher grain production levels were 
calculated for locations where the level of solar radi-
ation was high during grain-filling and the average 
temperature was relatively low, which resulted in a 
long period of grain-filling. On the other hand, lower 
production levels were calculated for locations with 
higher temperatures and less solar radiation. This 
explains the relatively large production in Lisbon and 
Porto and the relatively small production in Milan 
and Madrid (Table 1). Water-limited grain production 
varied widely among locations and also among culti-
vated soil types. Largest production was found at 
locations with a relatively large ratio between precip-
itation and potential evapo-transpiration and a large 
amount of available soil moisture. By lowering the 
amount of available soil moisture (e.g. sandy, grav-
elly and/or shallow soils instead of deep, loamy or 
clay soils) water-limited grain production often 
decreased greatly. 
Table l. Duration of grain filling (days) and average poten-
tial grain production for winter wheat (kg ha-1 dry matter). 
Location Period of Grain 
grain filling production 
Milan 40 7770 
Madrid 42 8720 
Lisbon 50 10420 
Porto 53 lll30 
For each location average soil characteristics were 
calculated from the characteristics of each soil type 
and in proportion to its relative area. Water-limited 
grain production levels, calculated for average soil 
characteristics, were similar to average grain produc-
tion levels calculated for the various soil types per 
location, with a difference of 10 per cent at most. To 
limit the number of calculations and results, the sub-
sequent sensitivity, scenario and management analy-
ses were done for these average soil characteristics. 
Sensitivity analyses 
Sensitivity analyses were carried out for three loca-
tions representative of the main differences in climate 
in the EC : Kinloss in the UK (cool temperate), 
Orleans in France (continental), and Brindisi in Italy 
(Mediterranean). For each location, calculations were 
made using historical weather data for a period of 
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20 years. Data for one weather variable were varied 
separately, while others were held constant. Weather 
variables that determine crop production directly are 
solar radiation and temperature. Those that affect the 
water balance and hence the duration and degree of 
drought stress are rainfall, windspeed, vapour pres-
sure, solar radiation and temperature. Atmospheric 
C02 concentration also has direct and indirect effects 
on crop production. These variables were adjusted 
separately, in a stepwise manner, in order to gauge 
the sensitivity of crop production to changing values 
of each. 
Table 2 summarizes the sensitivity of potential and 
water-limited grain production to changing values of 
each weather variable. Potential grain production 
increased with increasing atmospheric CO., and solar 
radiation, and generally decreased with rising temper-
atures. Potential production was not influenced by the 
water balance and was thus insensitive to changes in 
windspeed, vapour pressure and rainfall. Water-lim-
ited production increased with increasing atmospheric 
C02, rainfall and vapour pressure, and decreased with 
increasing solar radiation, temperature (except for 
Brindisi) and windspeed. 
Table 2. Sensitivity of potential (POT) and water-limited 
(WAT) grain production of winter wheat at Kin/oss in UK, 
Orleans in France, and Brindisi in Italy to increasing values 
of atmospheric C02 concentration (C), temperature (T), rain-
fall ( R), solar radiation ( S ). windspeed ( W) and vapour pres-
sure (V) 1• 
c 
POT ++ 
WAT ++ 
T 
- -. 02 
- -. +3 
R 
0 
++ 
s w 
+, ++ 0 
v 
0 
++ 
1 0, +. ++ : no, moderate, strong increase in grain production ; 
-. - - : moderate, strong decrease in grain production. 
! Temperature effect varies from about zero in Kinloss to stron-
gly negative in Brindisi. 
3 Temperature effect varies from strongly and moderately nega-
tive in Kinloss and Orleans respectively to moderately positive 
in Brindisi. 
Scenario analyses without direct C02 effect 
Composite time-dependent scenarios 
Potential and water-limited grain production levels 
of winter wheat were calculated for historical weather 
data that were changed on the basis of composite sce-
nario A (based on the business-as-usual emission sce-
nario of Houghton et a/. ( 1990)) for the years 2010, 
2030 and 2050, and composite scenario A High (high 
estimate of scenario A) for the year 2050. These 
Eur. J. Agron. 
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changes, as described by Barrow (.1993), were speci-
fied per day over a period of one year. For precipi-
tation and temperature the changes were location-spe-
cific. For solar radiation and vapour pressure only one 
set of changes was supplied for all locations, and for 
windspeed no changes could be made (Barrow, 1993). 
Potential production in northern EC, e.g. in 
Kinloss, UK, increased slightly up to year 
2030 (Figure 3), mainly due to rising temperatures. In 
southern EC, e.g. in Brindisi, Italy, potential produc-
tion levels generally decreased over time, because ris-
ing temperatures advanced the period of grain-filling 
to a time of year with shorter days and lower solar 
elevation. 
Water-limited production decreased over time at 
most locations, probably because rising temperatures 
caused larger water losses by soil evaporation and 
crop transpiration. However, these decreases in pro-
duction were limited in magnitude (Figures 3 and 4). 
Weather conditions during the period of grain filling 
were influenced not only by the direct effects of cli-
mate change (as specified by the scenarios), but also 
considerably by the shift in time of the grain-filling 
period as a result of the changed climate. For exam-
ple, at locations with dry summers such as Brindisi 
and Pescara, water-limited production was calculated 
to increase with time (Figures 3 and 4 ). The period of 
grain filling was advanced to a time of higher precip-
itation which resulted in increased grain production. 
Grain production 
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Figure 3. Average potential (Pot.) and water-limited (War.) 
grain production of winter wheat cultivated at current and at 
future weather conditions in Kinloss, UK; Orleans, France: 
and Brindisi, Italy (direct effect of increasing atmospheric C02 
in future not taken into account). Production has been establi-
shed for historical weather data over a period of 20 years 
( 1966-1985), for composite scenario A for the years 2010, 2030 
and 2050. and for composite scenario A High for the year 
2050. 
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Individual GCM scenarios 
Potential and water-limited grain production levels 
of winter wheat were also calculated for historical 
weather data that were changed on the basis of out-
put from three equilibrium 2 x C02 general circulation 
models (GCMs), i.e. the GFDL, the GISS and the 
UKMO-L (low resolution) models. These changes, as 
described by Barrow (1993), were specified per day 
over a period of one year for each weather variable 
and were location-specific. 
Potential grain production decreased at almost all 
locations for the changed weather data (Table 3), 
mainly due to higher temperatures. The lowest pro-
duction level was generally calculated for the UKMO-
L scenario, which tends to give the largest tempera-
ture increase, or for the GFDL scenario, which gives 
slightly smaller temperature increases but often com-
bined with a decrease in the amount of radiation in 
winter and/or spring. The temperature increase given 
in the GISS scenario is generally the smallest. For the 
latter scenario the level of grain production was 
higher than for the other two scenarios, but generally 
lower than that for unchanged historical weather data. 
Changes in temperature and radiation based on the 
scenarios influenced water-limited grain production in 
the same way as they influenced potential grain pro-
duction (Table 3 ). The interaction between these 
changes and changes in the other weather variables is 
® 0 • <-1500 -500< <500 500< <1500 
® 
-1500< <-500 
Figure 4. Changes in water-limited grain production (kg ha-1 
dry matter) of winter wheat in the main arable land areas in 
the EC if the weather is changed on the basis of composite sce-
nario A for the year 2050. Direct effect of increasing atmos-
pheric C02 was not taken into account. 
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Table 3. Average potential (POT) and water-limited (WAT) grain production (kg ha-1 dry matter) of winter wheat established for 
historical weather data that were changed on the basis of GFDL, GISS and UKMO-L equilibrium 2 x C02 scenarios, with and 
without the direct effect of increased C02 ( 353 ppm -7 560 ppm). 
Location Historical Scenario 
weather GFDL 
- C02 + C02 
Brindisi POT 9370 6080 8360 
Brindisi W AT 4510 5340 7350 
Kinloss POT 8740 3110 3840 
Kinloss WAT 5680 3110 3840 
Orleans POT 9630 7850 10510 
Orleans WAT 6510 6940 9350 
very complex. In addition, the changes varied consid-
erably among locations and over the year. Hence, 
simple and straightforward explanations of their 
effects on grain production cannot be derived. The 
GFDL scenario gave major decreases in water-limited 
grain production in the UK, Ireland, northern Spain, 
Portugal and northern Germany that can mainly be 
explained in the same way as the decrease in poten-
tial production via the higher temperatures and the 
lower level of radiation, while the moderate to major 
increase in central and southern Italy was probably 
due to relatively larger amounts of rainfall during the 
advanced period of grain-filling (Figure 5). The GISS 
scenario (smallest temperature increase) gave moder-
ate decreases in production for Ireland, northern 
Germany, northern and central France, northern Spain 
and northern Portugal (Figure 6) and mainly moder-
ate increases for Scotland, Denmark, central and east-
ern Spain and central and southern Italy. The UKMO-
L scenario (highest temperature increase) gave major 
decreases in production for Ireland, England, northern 
Germany, northern and southern France, northern 
Spain and northern Portugal (Figure 7), and moderate 
decreases for central and southern Germany, northern 
Italy, eastern and southern Spain and central Portugal. 
Scenario analyses with direct C02 effect 
Composite time-dependent scenarios 
In these analyses the direct effect of increasing 
atmospheric C02, which results mainly in a higher 
CO., assimilation rate and thus larger crop production 
and- in a somewhat lower transpiration rate, was taken 
into account. Potential production levels increased 
greatly over time at all locations, mainly due to 
increasing C02 (Figures 3 and 8). For water-limited 
production the same applied. For scenario A High for 
year 2050, which shows the largest increase in tem-
perature, the increase in production was generally 
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Figure S. Changes in water-limited grain production (kg ha-1 
dry matter) of winter wheat in the main arable land areas in 
the EC if the weather is changed on the basis of the GFDL 
equilibrium 2 X C02 scenario. Direct effect of increased C02 
was not taken into account. 
somewhat less than that for scenario A for the same 
year. The smallest relative increases in production 
were calculated for Denmark, northern Germany and 
Spain (Figure 9). 
Individual GCM approach 
In these analyses the effects of the GFDL, GISS 
and UKMO-L scenarios of climate change and of 
Eur. J. Agron. 
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Figure 6. Changes in water-limited grain pro-
duction (kg ha-1 dry matter) of winter wheat in 
the main arable land areas in the EC if the 
weather is changed on the basis of the GISS 
equilibrium 2 x C02 scenario. Direct effect of 
increased co:! was not taken into account. 
® -1500< <-500 Figure 7. Changes in water-limited grain pro-duction (kg ha-1 dry matter) of winter wheat in 
the main arable land areas in the EC if the 
weather is changed on the basis of the UKMO-L 
equilibrium 2 x C02 scenario. Direct effect of 
increased C02 was not taken into account. 
c) -500 < <500 
(liiiiD 500< < 1500 
14000 
12000 
~ 10000 
Gi 
E 8000 
>-
.a 
6000 
CIS 
.c 
a 
.¥ 4000 
2000 
Grain production 
-- Brindisi Pot. 
~ Kinloss Wat. 
--tr- Orleans Wat. 
--<>- Brindisi Wat. 
Present A201 0 A2030 A2050 Ahigh2050 
Scenario + C02 effect 
Figure 8. Average potential (Pot,) and water-limited (Wat.) 
grain production of winter wheat cultivated at current and 
future weather conditions in Kinloss, UK; Orleans, France ; 
and Brindisi, Italy, taking into account the direct effect of 
increasing atmospheric C02 in future. Production has been 
established for historical weather data over a period of 20 
years ( 1966-85 ), for composite scenario A for the years 2010, 
2030 and 2050, and for composite scenario A High for the year 
2050. 
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increasing C02 concentration (from 353 to 560 ppm) 
were taken into account. Increasing CO., resulted in 
an increase in potential grain production while the 
change in climate alone generally caused a decrease 
compared to production under the historical climate 
(Table 3). Hence, if the effect of the climate change 
scenario is larger, potential production will decrease, 
and if the direct effect of atmospheric C02 is larger, 
potential production will increase. The largest poten-
tial grain production was calculated generally for the 
GISS scenario which gives the smallest temperature 
rise and the smallest, generally, for the UKMO-L sce-
nario and the GFDL scenario only at locations where 
radiation became limiting (e.g. Kinloss). 
The GFDL scenario gave major decreases in water-
limited grain production for Ireland, Scotland and 
northern Spain, due to an earlier start in spring (low 
radiation level) as a result of higher temperatures, and 
a reduced amount of solar radiation according to the 
scenario (Figure 1 0). Moderate production decreases 
were calculated for England, Portugal and southern 
Spain with constant productions for northern Germany 
and the Netherlands. At the other locations major 
increases in water-limited grain production were found 
as a result of the direct CO., effect. The GISS sce-
nario gave major increases in~ water-limited grain pro-
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Figure 9. Changes in water-limited grain pro-
duction (kg ha- 1 dry matter) of winter wheat in 
the main arable land areas in the EC if the 
weather was changed on the basis of the com-
posite scenario A for the year 2050 and the 
direct effect of increased atmospheric C02 was 
taken into account. 
® -1500< <-500 Figure 10. Changes in water-limited grain pro-duction (kg ha-1 dry matter) of "·inter wheat in 
tne main arable land areas in the EC if the 
weather was changed on the basis of the GFDL 
equilibrium 2 x C02 scenario and the direct 
effect of increased C02 was taken into account. 
(:=> -500 < <500 
• 500< <1500 
• >1500 
duction for most locations (Figure 11 ). Water-limited 
grain production also increased at most locations for 
the UKMO-L scenario. Exceptions were decreases in 
northern Spain, Ireland and England and constant pro-
duction in the Netherlands and the northern parts of 
Portugal, France and Germany (Figure 12). 
Management analyses 
Crop temperature sums 
The interactions between the temperature sum 
required for crop development and the effects of cli-
mate change and increasing atmospheric C02 were 
determined for the locations Kinloss, Orleans and 
Brindisi. It was assumed that, compared to the main 
wheat varieties grown at present, plant breeding might 
be able to produce varieties requiring 10 per cent 
greater or 10 per cent smaller temperature sums 
(°C days) for crop development until anthesis and 
from anthesis to the end-of-grain filling. For the aver-
age wheat variety grown at present and for these arti-
ficially constructed wheat varieties, average grain pro-
duction was calculated for historical weather data, for 
the composite scenario A for the year 2050, both 
with and without the direct effect of increased atmos-
pheric C02, and for the composite scenario A High 
for the year 2050 with the direct C02 effect. 
For both potential and water-limited production 
optimum temperature sums until an thesis (T -anth) and 
from anthesis to the end-of-grain filling (T-ripe) were 
derived for the three locations for both historical and 
scenario weather data. The resulting optimum temper-
ature sums are summarized in Table 4. 
From these results it can be concluded that the 
largest potential production in changed climate, par-
ticularly that on the basis of scenario A High, will be 
attained with wheat varieties that need increased tem-
perature sums for grain filling and hence have a 
longer period of grain filling. The largest water-lim-
ited production under projected future and also cur-
rent conditions will be attained with wheat varieties 
that need smaller temperature sums until anthesis and 
hence have an early start to grain filling. 
Irrigation requirements 
The amount of irrigation water required to prevent 
drought stress during the growth of winter wheat and 
to attain the potential level of grain production in the 
Eur. J. Agron. 
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Figure 11. Changes in water-limited grain pro· 
duction (kg ha _, dry matter) of winter wheat in 
the main arable land areas in the EC if the 
weather was changed on the basis of the GISS 
equilibrium 2 x C02 scenario and the direct 
effect of increased C02 was taken into account. 
® 
® 
0 
• 
EC, was calculated. Conveyance and application 
losses are not included in the amount, as they are 
widely variable and dependent on local conditions. 
The calculations were made using historical weather 
data, the composite scenario A for the year 2050, 
both with and without the direct effect of increased 
atmospheric CO,, and the composite scenario A High 
for the year -2050 with the direct C02 effect (Table 5). 
Scenario A 2050 resulted in larger irrigation 
requirements in northern EC, but in smaller irrigation 
requirements in southern EC (Table 5). According to 
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Figure 12. Changes in water-limited grain pro· 
duction (kg ha- 1 dry matter) of winter wheat in 
the main arable land areas in the EC if the 
weather was changed on the basis of the 
UKMO-L equilibrium 2 x C02 scenario and the 
direct effect of increased C02 was taken into 
-500 < <500 
500< <1500 
>1500 
account. 
the scenario, temperatures will become higher so the 
beginning of crop growth in spring was shifted to an 
earlier date, particularly in northern EC and to a more 
limited extent in southern EC. Moreover, grain filling 
ended earlier. Therefore, a rise in temperature 
appeared to result in a shifted and constant, or some-
times even longer, period of 'effective' growth in 
northern EC and in a shorter period in southern EC. 
This explains the larger water use and irrigation 
requirements in northern EC and the smaller ones in 
southern EC. Increasing atmospheric CO., resulted in 
more efficient water use. This effect of C02 roughly 
Table 4. Optimum crop temperature sums (as a percentage of average temperature sums for present varieties) until anthesis (T· 
anth) and from anthesis to the end of grain filling (T-ripe) for Kinloss in Scotland, Orleans in France and Brindisi in Italy for his-
torical and scenario weather data. 
Weather Potential production 
T-anth & T-ripe 1 
Historical weather 100% & 110 %. 90 % & 1 00 % 
Scenario A2050 100 % & 110 %, 100 % & 100 %, 110% & 110 %2 
Scenario A2050 + CO, effect 100 % & 110 %, 100 % & 100 %, 110% & 110 %2 
Scenario A High 2050- + C02 effect 100 % & 110 %, 110 % & 110 %, 100% & 100 %3 
1 Best temperature sums indicated first (starting from the left side), followed by second best sums. 
2 Only in Brindisi, Italy. 
3 Only in Orleans, France. 
Vol. 2. n° 4 · 1993 
Water-limited production 
T -anth & T -ripe 1 
90 % & 100 %, 90 % & 90 % 
90 % & 100 %, 90 % & 90 % 
90 % & l 00 %, 90 % & 90 % 
90 % & 100 %. 90 % & 90 % 
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counteracted the increased water use and irrigation 
requirements in northern EC which resulted from cli-
mate change, and which caused a larger decrease in 
the irrigation water required in southern EC. 
CONCLUSIONS 
Sensitivity analyses showed that water-limited grain 
production of winter wheat increased greatly with 
increasing vapour pressure, rainfall and atmospheric 
CO, concentration, decreased greatly with increasing 
windspeed, and decreased moderately with increasing 
solar radiation and temperature, except for southern 
EC where there was a slight increase with rising tem-
perature. 
Increasing concentration of greenhouse gases in the 
atmosphere may cause changes in climate. Various 
climate change scenarios appeared to yield consider-
ably different changes in production both for each 
location and for the EC as a whole. For example, for 
the equilibrium 2 x CO, scenarios (without a direct 
effect of C02), the average grain production of win-
ter wheat in the EC remained roughly constant for the 
GISS scenario but decreased by about 1 000 kg ha- 1 
dry matter for the UKMO-L scenario. 
The direct effect of increasing atmospheric C02 on 
wheat grain production appeared to be much greater 
than the effect of climate change. Moreover, the 
direct effect of C02 on production is more certain, 
whereas the effect of climate change is widely vari-
able depending on the scenario and not yet estab-
lished as fact. If both effects are taken into account, 
the average grain production of winter wheat in the 
EC increases by 1 000 kg ha -I dry matter or more for 
the equilibrium 2 x C02 scenarios. 
With climate change the highest level of potential 
production will generally be attained with wheat 
varieties that have larger temperature sum require-
ments for grain filling and hence a longer period of 
grain filling. If drought occurs at the end of the grain 
filling period, wheat varieties with smaller tempera-
ture sum requirements until anthesis, and hence an 
J. Wolf 
early start to grain filling, may yield the largest grain 
production, in both a current and a changed cli-
mate. 
Irrigation requirements for attaining the potential 
level of wheat production increased at locations in 
northern EC with the climate changed on the basis of 
the composite scenario for the year 2050, and in 
southern EC they decreased. When the direct effect of 
increasing atmospheric C02 was also taken into 
account, this counteracted the increased irrigation 
requirements in northern EC and caused a larger 
decrease in required irrigation water in southern EC. 
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Abstract 
INTRODUCTION 
Accepted 4 August 1993. 
Wheat grain production in the main arable areas of the EC was calculated with a simulation 
model, WOFOST, using historical weather data and average soil characteristics. The sensitivity of 
the model to individual weather variables was determined. Subsequent analyses were made using 
climate change scenarios with and without the direct effects of increased atmospheric C02. The 
impact of crop management (irrigation and cultivar type) in a changed climate was also assessed. 
Sensitivity analyses show that water-limited grain production of winter wheat increased with 
increasing vapour pressure, rainfall and atmospheric C02 concentration and decreased with 
increasing windspeed, temperature (except for southern EC) and solar radiation. The various cli-
mate change scenarios that were used yielded considerably different changes in production, both 
for each location and for the EC as a whole. For example, the average water-limited grain pro-
duction in the EC may remain constant or may decrease by about 1 000 kg ha- 1 depending on 
scenario. If the direct effect of increasing C02 is also taken into account, the average water-lim-
ited grain production in the EC increased by about 1 000 kg ha- 1or more. Management analyses 
showed that for both the present and scenario generated climates the largest water-limited grain 
production will be attained by cultivars with an early start of grain filling, that average irrigation 
requirements to attain potential grain production will increase with climate change in northern EC 
and decrease in southern EC, and that with both increasing C02 and climate change irrigation 
requirements in northern EC remain unchanged and decrease further in southern EC. 
Key-words: climate change, winter wheat, simulation model, crop production, EC, scenario 
analysis. 
Since agricultural production is greatly affected by 
climate, any changes in climate which may result 
from increasing concentration of greenhouse gases in 
the atmosphere could have dramatic consequences for 
agricultural production potential. In this study the 
effects of climate change on the production of winter 
wheat in the EC (European Community) and the 
implications for crop management were analysed. 
mating the production levels of crops grown under 
well-specified conditions. These methods are based on 
the application of crop growth simulation models, 
combining knowledge about crop characteristics and 
their interactions with the environment. 
Prior to evaluation of the effects of climate change 
the sensitivity of wheat production to separately 
changed weather variables was determined. To ana-
lyse the effects of climate change on the production 
potential of winter wheat in the EC, 20 locations, rep-
resentative of the main agro-climate conditions in the 
EC, were chosen. The production was calculated for 
current and changed climate conditions, using climate 
change scenarios (Barrow, 1993). The direct effect of 
increasing atmospheric C02 concentrations was incor-
porated in the production calculations for the changed 
climate and the impact of changes in crop manage-
ment were also determined. 
The relationship between climate, crop growth and 
production is complicated as a large number of cli-
mate, soil, landscape and crop characteristics are 
involved. As a result, the effects of climate change on 
crop production cannot be described in terms of sim-
ple and average relations between the two. In the last 
two decades methods have been developed for esti-
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METHODOLOGY 
Model description 
A dynamic crop growth model WOFOST, develo-
ped for calculating agricultural production potential on 
the basis of physiological, physical and agronomic 
information, was used. This model can easily be 
applied to a large number of combinations of differ-
. ent weather data, soil characteristics and crop species. 
The principles underlying this model have been dis-
cussed in detail by van Keulen and Wolf ( 1986) and 
the implementation and structure have been described 
by van Die pen et al. ( 1988, 1989). Its application for 
quantitative land evaluation and for regional analysis 
of the physical potential of crop production has been 
described by van Keulen et al. ( 1987) and van 
Diepen et al. (1990) and its use for analysis of the 
effects of climate change on crop production has been 
discussed by van Diepen et al. ( 1987) and Wolf and 
van Diepen (1991). 
In the model, crop growth is simulated from sow-
ing to maturity on the basis of physiological pro-
cesses as determined by the crop's response to envi-
ronmental conditions. The simulation is carried out in 
time-steps of one day. The major processes consider-
ed are C02 assimilation, respiration, partitioning of 
assimilates to various plant organs, transpiration and 
phenological development. 
Two levels of crop production are calculated. 
Firstly, the potential production which is determined 
by crop characteristics, temperature and solar radia-
tion, and can be realized in situations where the sup-
ply of water and plant nutrients, and crop manage-
ment are optimum. Secondly, the water-limited 
production, determined by crop characteristics, tem-
perature, solar radiation and water availability (dic-
tated by rainfall pattern and soil physical properties), 
which can be realized in situations where the supply 
of plant nutrients and crop management are optimum. 
Available soil moisture in the root zone follows 
from quantification of the water balance including 
rainfall, surface runoff, soil-surface evaporation, crop 
transpiration and leaching from the root zone. If the 
moisture content in the root zone is too low or too 
high, water uptake by the plant roots is reduced, 
stomata close and the water-limited growth is 
reduced : in a dry soil due to water shortage, in a 
wet soil due to oxygen shortage. 
Data 
In order to apply the model, data that specify crop 
growth and phenological development are required, 
including information on initial crop weight, proper-
ties that determine assimilation and respiration pro-
cesses and response to moisture stress, partitioning of 
J, Wolf 
assimilates to plant organs, life span of leaves, and 
death rates of plant organs. For the most part a stan-
dard crop data set was used (van Heemst, 1988). 
Information from field experiments in ~he Netherlands 
and UK (Darwinkel, 1985 ; Green and Ivins, 1985 ; 
Green et al., 1985; Groot, 1987; PAGV, 1987; 
Porter et al., 1987) was used to assess data specify-
ing the rate of phenological development, the level of 
production and the partitioning of assimilates to the 
plant organs. These data were used for all locations 
in the EC. Comparison of model output with informa-
tion on production levels and grain/straw ratios from 
variety trials in other countries (France, Italy and 
Spain) and on the rate of phenological development 
in all regions in Europe (Thran and Broekhuizen, 
1965) indicated that this Europe-wide use of crop 
data was quite realistic. 
The direct effect of increasing atmospheric C02 
concentration on the C02 assimilation and growth of 
the wheat crop was incorporated into the model by 
increasing the maximum value and initial angle of the 
C02 assimilation - light response curve of single 
leaves, by increasing the thickness of leaves, and by 
slightly decreasing the transpiration rate. These 
changes in model parameters were based on studies 
by Allen et az.· (1990), Goudriaan et al. (1984), 
Goudriaan et al. (1985), Goudriaan (1990), Goudriaan 
and Unsworth (1990), Goudriaan and de Ruiter (1983) 
and Idso (1990), and on literature surveys on crop 
responses to C02 doubling by Cure (1985), Cure and 
Acock (1986) and Kimball (1983). 
In order to calculate C02 assimilation rates, daily 
minimum and maximum air temperatures, atmospheric 
C02 concentration and solar radiation are required (Goudriaan and van Laar, 1978). To calculate the 
components of the water balance, daily rainfall, wind-
speed and vapour pressure are also required. For 
example, the calculations of potential rates of evapo-
ration and transpiration that are made with the 
Penman formula require data on radiation, average 
daily air temperature, vapour pressure and windspeed 
(Frere and Popov, 1979). Daily weather data for 
20 meteorological stations, representative of the main 
arable land areas in all EC countries (Figure 1) 
except Greece (for which no sets of daily weather 
data were available), were used. For most stations the 
sets of historical weather data covered a period of 
20 years (1966-85). 
In order to calculate soil water balance, the soil's 
infiltration, retention and transport properties must be 
known. These soil physical characteristics are defined 
by effective soil depth, soil moisture characteristics 
(notably soil porosity and volumetric moisture con-
tents at field capacity and wilting point, respectively), 
maximum infiltration rate or surface runoff fraction, 
and the hydraulic conductivity of the subsoil. For 
each meteorological station the main soil types that 
occur on arable land areas within a radius of 100 to 
Eur. J. Agron. 
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150 km around the station (Figure 1), were obtained 
from the soil map of the European Communities 
(CEC, 1985). This map gives information per unit on 
soil type, texture class, characteristics such as gravel-
liness, stoniness, shallow rocks etc., and slope gradi-
ent. By interpreting this information (mainly based on 
, King and Daroussin, 1989 and Reinds et a!., 1992) 
quantitative terms for use in the simulation model 
could be obtained : fraction of precipitation lost by 
surface runoff, maximum effective rooted soil depth 
(~ 100 em for winter wheat) and available volumetric 
moisture content in the soil. Areas with a slope gra-
dient of more than 15 per cent. were left out, as 
being too steep for arable farming. For all soil types 
the ground water table was assumed to be at such a 
depth that it did not influence the water balance and 
that excess water drained rapidly to the subsoil, so 
that growth reduction due to oxygen shortage did not 
occur. 
Model validation 
Potential grain production was calculated for 
weather data from Wageningen and de Bilt (about 
40 km west of Wageningen), the Netherlands, over 
the period 1980-88. Going back in time from 1980, 
grain production from field trials appeared to decrease 
rapidly with time as a result of less optimum crop 
management and less productive crop varieties. 
Therefore, these production data could not be used for 
comparison with calculated grain production. 
Calculated potential grain production levels were com-
pared with actual results from variety trials (Figure 2) 
that were carried out over the period 1980-88 in 
Randwijk (in the neighbourhood of Wageningen) and 
in Wieringerwerf (about 130 km north of 
Wageningen), both on clay soils with a relatively high 
groundwater level and no water shortage in summer. 
The comparison showed that the calculated varia-
tion in grain production over time was much smaller 
than the variation in grain production found in the 
variety trials. In years with a high level of solar radi-
ation during grain filling, actual grain production was 
relatively large. In those years losses by diseases 
mainly associated with ripening (fungi such as mil-
dew) were limited and hence calculated and actual 
grain production levels were comparable. In years 
with abundant rainfall and a low level of solar radi-
ation during grain filling both calculated and actual 
grain production levels were relatively low. However, 
grain production levels in variety trials were found to 
be 10 to 20 per cent lower than calculated ones, 
which has to be explained by the considerable losses 
due to ripening diseases in those wet years. 
Unfortunately, the production-reducing effects of dis-
eases could not be calculated with the crop growth 
simulation model. 
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Figure 1. Sets of historical weather data used for calculating 
the wheat production potential in the EC, were available for 
the following meteorological stations : Kinloss and Nottingham 
in the U.K. ; Mullingar in Ireland; Alborg in Denmark; de 
Bilt in the Netherlands; Bremen, Mannheim and Miinchen in 
Germany ; Lille, Orleans and Toulouse in France ; Santander, 
Barcelona, Madrid and Sevilla in Spain ; Porto and Lisbon in 
Portugal ; Milan, Pescara and Brindisi in Italy. Data for each 
station can be considered representative of the arable land 
area around that station, as roughly indicated (exclusive of 
areas of sea, wetlands, mountains etc.). 
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Figure 2. Potential grain production of winter wheat calcula-
ted for Wageningen and de Bilt, Netherlands and actual grain 
production from variety trials on clay soils in the Netherlands. 
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RESULTS 
Baseline 
Potential production was about 9 000 kg ha-t dry 
matter of grain. Higher grain production levels were 
calculated for locations where the level of solar radi-
ation was high during grain-filling and the average 
temperature was relatively low, which resulted in a 
long period of grain-filling. On the other hand, lower 
production levels were calculated for locations with 
higher temperatures and less solar radiation. This 
explains the relatively large production in Lisbon and 
Porto and the relatively small production in Milan 
and Madrid (Table 1). Water-limited grain production 
varied widely among locations and also among culti-
vated soil types. Largest production was found at 
locations with a relatively large ratio between precip-
itation and potential evapo-transpiration and a large 
amount of available soil moisture. By lowering the 
amount of available soil moisture (e.g. sandy, grav-
elly and/or shallow soils instead of deep, loamy or 
clay soils) water-limited grain production often 
decreased greatly. 
Table 1. Duration of grain filling (days) and average poten-
tial grain production for winter wheat (kg ha-1 dry matter). 
Location Period of Grain 
grain filling production 
Milan 40 7770 
Madrid 42 8720 
Lisbon 50 10420 
Porto 53 11130 
For each location average soil characteristics were 
calculated from the characteristics of each soil type 
and in proportion to its relative area. Water-limited 
grain production levels, calculated for average soil 
characteristics, were similar to average grain produc-
tion levels calculated for the various soil types per 
location, with a difference of 10 per cent at most. To 
limit the number of calculations and results, the sub-
sequent sensitivity, scenario and management analy-
ses were done for these average soil characteristics. 
Sensitivity analyses 
Sensitivity analyses were carried out for three loca-
tions representative of the main differences in climate 
in the EC : Kinloss in the UK (cool temperate), 
Orleans in France (continental), and Brindisi in Italy 
(Mediterranean). For each location, calculations were 
made using historical weather data for a period of 
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20 years. Data for one weather variable were varied 
separately, while others were held constant. Weather 
variables that determine crop production directly are 
solar radiation and temperature. Those that affect the 
water balance and hence the duration and degree of 
drought stress are rainfall, windspeed, vapour pres-
sure, solar radiation and temperature. Atmospheric 
C02 concentration also has direct and indirect effects 
on crop production. These variables were adjusted 
separately, in a stepwise manner, in order to gauge 
the sensitivity of crop production to changing values 
of each. 
Table 2 summarizes the sensitivity of potential and 
water-limited grain production to changing values of 
each weather variable. Potential grain production 
increased with increasing atmospheric C02 and solar 
radiation, and generally decreased with rising temper-
atures. Potential production was not influenced by the 
water balance and was thus insensitive to changes in 
windspeed, vapour pressure and rainfall. Water-lim-
ited production increased with increasing atmospheric 
C02, rainfall and vapour pressure, and decreased with 
increasing solar radiation, temperature (except for 
Brindisi) and windspeed. 
Table 2. Sensitivity of potential (POT) and water-limited 
(WAT) grain production of winter wheat at Kinloss in UK, 
Orleans in France, and Brindisi in Italy to increasing values 
of atmospheric C02 concentration (C), temperature (T), rain-
fall (R), solar radiation (S), windspeed (W) and vapour pres-
sure (V) 1• 
POT 
WAT 
c 
++ 
++ 
T 
- -, 02 
- -, +3 
R 
0 
++ 
s w 
+, ++ 0 
v 
0 
++ 
1 0, +, ++ : no, moderate, strong increase in grain production ; 
-, - - : moderate, strong decrease in grain production. 
· 
2 Temperature effect varies from about zero in Kinloss to stron-
gly negative in Brindisi. 
3 Temperature effect varies from strongly and moderately nega-
tive in Kinloss and Orleans respectively to moderately positive 
in Brindisi. 
Scenario analyses without direct C02 effect 
Composite time-dependent scenarios 
Potential and water-limited grain production levels 
of winter wheat were calculated for historical weather 
data that were changed on the basis of composite sce-
nario A (based on the business-as-usual emission sce-
nario of Houghton et al. (1990)) for the years 2010, 
2030 and 2050, and composite scenario A High (high 
estimate of scenario A) for the year 2050. These 
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changes, as described by Barrow (.1993), were speci-
fied per day over a period of one year. For precipi-
tation and temperature the changes were location-spe-
cific. For solar radiation and vapour pressure only one 
set of changes was supplied for all locations, and for 
windspeed no changes could be made (Barrow, 1993). 
Potential production in northern EC, e.g. in 
Kinloss, UK, increased slightly up to year 
2030 (Figure 3), mainly due to rising temperatures. In 
southern EC, e.g. in Brindisi, Italy, potential produc-
tion levels generally decreased over time, because ris-
ing temperatures advanced the period of grain-filling 
to a time of year with shorter days and lower solar 
elevation. 
Water-limited production decreased over time at 
most locations, probably because rising temperatures 
caused larger water losses by soil evaporation and 
crop transpiration. However, these decreases in pro-
duction were limited in magnitude (Figures 3 and 4). 
Weather conditions during the period of grain filling 
were influenced not only by the direct effects of cli-
mate change (as specified by the scenarios), but also 
considerably by the shift in time of the grain-filling 
period as a result of the changed climate. For exam-
ple, at locations with dry summers such as Brindisi 
and Pescara, water-limited production was calculated 
to increase with time (Figures 3 and 4 ). The period of 
grain filling was advanced to a time of higher precip-
itation which resulted in increased grain production. 
Grain production 
14000 
----
Kinloss Pot. 
...- Orleans Pot. 
12000 
-
Brindisi Pot. 
--o-- KinlossWat. 
2 -0:-- Orleans Wat. 
70 
-o-- Brindisi Wat. E 10000 
>-
-o 
.., 
.c 8000 0, 
,:,e. 
ll 6 6 
6000 
4000 
Present A2010 A 2030 A2050 Ahigh2050 
Scenario 
Figure 3. Average potential (Pot.) and water-limited (Wat.) 
grain production of winter wheat cultivated at current and at 
future weather conditions in Kinloss, UK; Orleans, France ; 
and Brindisi, Italy (direct effect of increasing atmospheric C02 
in future not taken into account). Production has been establi-
shed for historical weather data over a period of 20 years 
( 1966-1985 ), for composite scenario A for the years 2010, 2030 
and 2050, and for composite scenario A High for the year 
2050. 
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Individual GCM scenarios 
Potential and water-limited grain production levels 
of winter wheat were also calculated for historical 
weather data that were changed on the basis of out-
put from three equilibrium 2 x C02 general circulation 
models (GCMs), i.e. the GFDL, the GISS and the 
UKMO-L (low resolution) models. These changes, as 
described by Barrow (1993), were specified per day 
over a period of one year for each weather variable 
and were location-specific. 
Potential grain production decreased at almost all 
locations for the changed weather data (Table 3 ), 
mainly due to higher temperatures. The lowest pro-
duction level was generally calculated for the UKMO-
L scenario, which tends to give the largest tempera-
ture increase, or for the GFDL scenario, which gives 
slightly smaller temperature increases but often com-
bined with a decrease in the amount of radiation in 
winter and/or spring. The temperature increase given 
in the GISS scenario is generally the smallest. For the 
latter scenario the level of grain production was 
higher than for the other two scenarios, but generally 
lower than that for unchanged historical weather data. 
Changes in temperature and radiation based on the 
scenarios influenced water-limited grain production in 
the same way as they influenced potential grain pro-
duction (Table 3). The interaction between these 
changes and changes in the other weather variables is 
® 0 • <-1500 -500< <500 500< <1500 
® • -1500< <-500 >1500 
Figure 4. Changes in water-limited grain production (kg ha-1 
dry matter) of winter wheat in the main arable land areas in 
the EC if the weather is changed on the basis of composite sce-
nario A for the year 2050. Direct effect of increasing atmos-
pheric C02 was not taken into account. 
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Table 3. Average potential (POT) and water-limited (WAT) grain production (kg ha-l dry matter) of winter wheat established for 
historical weather data that were changed on the basis of GFDL, GISS and UKMO-L equilibrium 2 X C02 scenarios, with and 
without the direct effect of increased C02 ( 353 ppm -7 560 ppm). 
Location Historical Scenario 
weather GFDL 
- C02 + C02 
Brindisi POT 9370 6080 8360 
Brindisi W AT 4510 5340 7350 
Kinloss POT 8740 3110 3840 
Kin1oss WAT 5680 3110 3840 
Orleans POT 9630 7850 10510 
Orleans WAT 6510 6940 9350 
very complex. In addition, the changes varied consid-
erably among locations and over the year. Hence, 
simple and straightforward explanations of their 
effects on grain production cannot be derived. The 
GFDL scenario gave major decreases in water-limited 
grain production in the UK, Ireland, northern Spain, 
Portugal and northern Germany that can mainly be 
explained in the same way as the decrease in poten-
tial production via the higher temperatures and the 
lower level of radiation, while the moderate to major 
increase in central and southern Italy was probably 
due to relatively larger amounts of rainfall during the 
advanced period of grain-filling (Figure 5). The GISS 
scenario (smallest temperature increase) gave moder-
ate decreases in production for Ireland, northern 
Germany, northern and central France, northern Spain 
and northern Portugal (Figure 6) and mainly moder-
ate increases for Scotland, Denmark, central and east-
ern Spain and central and southern Italy. The UKMO-
L scenario (highest temperature increase) gave major 
decreases in production for Ireland, England, northern 
Germany, northern and southern France, northern 
Spain and northern Portugal (Figure 7), and moderate 
decreases for central and southern Germany, northern 
Italy, eastern and southern Spain and central Portugal. 
Scenario analyses with direct C02 effect 
Composite time-dependent scenarios 
In these analyses the direct effect of increasing 
atmospheric C02, which results mainly in a higher 
C02 assimilation rate and thus larger crop production 
and in a somewhat lower transpiration rate, was taken 
into account. Potential production levels increased 
greatly over time at all locations, mainly due to 
increasing C02 (Figures 3 and 8). For water-limited 
production the same applied. For scenario A High for 
year 2050, which shows the largest increase in tem-
perature, the increase in production was generally 
GISS UKMO-L 
- C02 + C02 - C02 + C02 
5970 8180 5380 7530 
5440 7410 4820 6690 
7680 9620 6540 8430 
6990 8950 5670 7510 
8380 11100 6620 8910 
5520 7700 6020 8120 
® 0 (1IIIID 
<-1500 -500< <500 500< <1500 
• -1500< <-500 >1500 
Figure 5. Changes in water-limited grain production (kg ha-1 
dry matter) of winter wheat in the main arable land areas in 
the EC if the weather is changed on the basis of the GFDL 
equilibrium 2 X C02 scenario. Direct effect of increased C02 
was not taken into account. 
somewhat less than that for scenario A for the same 
year. The smallest relative increases in production 
were calculated for Denmark, northern Germany and 
Spain (Figure 9). 
Individual GCM approach 
In these analyses the effects of the GFDL, GISS 
and UKMO-L scenarios of climate change and of 
Eur. J. Agron. 
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® <-1500 
Figure 6. Changes in water-limited grain pro-
duction (kg ha-1 dry matter) of winter wheat in 
the main arable land areas in the EC if the 
weather is changed on the basis of the GISS 
equilibrium 2 x C02 scenario. Direct effect of 
increased C02 was not taken into account. 
~ -1500< <-500 Figure 7. Changes in water-limited grain pro-duction (kg ha- 1 dry matter) of winter wheat in 
the main arable land areas in the EC if the 
weather is changed on the basis of the UKMO-L 
equilibrium 2 x C02 scenario. Direct effect of 
increased C02 was not taken into account. 
0 -500 < <500 
Q[UD 500< <1500 
• >1500 
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Figure 8. Average potential (Pot.) and water-limited (Wat.) 
grain production of winter wheat cultivated at current and 
future weather conditions in Kinloss, UK; Orleans, France ; 
and Brindisi, Italy, taking into account the direct effect of 
increasing atmospheric C02 in future. Production has been 
established for historical weather data over a period of 20 
years ( 1966-85), for composite scenario A for the years 2010, 
2030 and 2050, and for composite scenario A High for the year 
2050. 
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increasing C02 concentration (from 353 to 560 ppm) 
were taken into account. Increasing CO? resulted in 
an increase in potential grain production while the 
change in climate alone generally caused a decrease 
compared to production under the historical climate 
(Table 3). Hence, if the effect of the climate change 
scenario is larger, potential production will decrease, 
and if the direct effect of atmospheric C02 is larger, 
potential production will increase. The largest poten-
tial grain production was calculated generally for the 
GISS scenario which gives the smallest temperature 
rise and the smallest, generally, for the UKMO-L sce-
nario and the GFDL scenario only at locations where 
radiation became limiting (e.g. Kinloss). 
The GFDL scenario gave major decreases in water-
limited grain production for Ireland, Scotland and 
northern Spain, due to an earlier start in spring (low 
radiation level) as a result of higher temperatures, and 
a reduced amount of solar radiation according to the 
scenario (Figure 10). Moderate production decreases 
were calculated for England, Portugal and southern 
Spain with constant productions for northern Germany 
and the Netherlands. At the other locations major 
increases in water-limited grain production were found 
as a result of the direct C02 effect. The GISS sce-
nario gave major increases in water-limited grain pro-
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Figure 9. Changes in water-limited grain pro-
duction (kg ha-1 dry matter) of winter wheat in 
the main arable land areas in the EC if the 
weather was changed on the basis of the com-
posite scenario A for the year 2050 and the 
direct effect of increased atmospheric C02 was 
taken into account. 
® -1500< <-500 Figure 10. Changes in water-limited grain pro-duction (kg ha-1 dry matter) of winter wheat in 
tlie main arable land areas in the EC if the 
weather was changed on the basis of the GFDL 
equilibrium 2 x C02 scenario and the direct 
effect of increased C02 was taken into account. 
0 -500 < <500 
• 
500< <1500 
• >1500 
duction for most locations (Figure 11). Water-limited 
grain production also increased at most locations for 
the UKMO-L scenario. Exceptions were decreases in 
northern Spain, Ireland and England and constant pro-
duction in the Netherlands and the northern parts of 
Portugal, France and Germany (Figure 12). 
Management analyses 
Crop temperature sums 
The interactions between the temperature sum 
required for crop development and the effects of cli-
mate change and increasing atmospheric C02 were 
determined for the locations Kinloss, Orleans and 
Brindisi. It was assumed that, compared to the main 
wheat varieties grown at present, plant breeding might 
be able to produce varieties requiring 10 per cent 
greater or 10 per cent smaller temperature sums 
(°C days) for crop development until an thesis and 
from anthesis to the end-of-grain filling. For the aver-
age wheat variety grown at present and for these arti-
ficially constructed wheat varieties, average grain pro-
duction was calculated for historical weather data, for 
the composite scenario A for the year 2050, both 
with and without the direct effect of increased atmos-
pheric C02, and for the composite scenario A High 
for the year 2050 with the direct C02 effect. 
For both potential and water-limited production 
optimum temperature sums until anthesis (T -anth) and 
from anthesis to the end-of-grain filling (T-ripe) were 
derived for the three locations for both historical and 
scenario weather data. The resulting optimum temper-
ature sums are summarized in Table 4. 
From these results it can be concluded that the 
largest potential production in changed climate~ par-
ticularly that on the basis of scenario A High, will be 
attained with wheat varieties that need increased tem-
perature sums for grain filling and hence have a 
longer period of grain filling. The largest water-lim-
ited production under projected future and also cur-
rent conditions will be attained with wheat varieties 
that need smaller temperature sums until anthesis and 
hence have an early start to grain filling. 
Irrigation requirements 
The amount of irrigation water required to prevent 
drought stress during the growth of winter wheat and 
to attain the potential level of grain production in the 
Eur. J. Agron. 
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Figure 11. Changes in water-limited grain pro-
duction (kg ha-1 dry matter) of winter wheat in 
the main arable land areas in the EC if the 
weather was changed on the basis of the GISS 
equilibrium 2 x C02 scenario and the direct 
effect of increased C02 was taken into account. 
® 
® 
0 
• 
• 
EC, was calculated. Conveyance and application 
losses are not included in the amount, as they are 
widely variable and dependent on local conditions. 
The calculations were made using historical weather 
data, the composite scenario A for the year 2050, 
both with and without the direct effect of increased 
atmospheric C02, and the composite scenario A High 
for the year 2050 with the direct C02 effect (Table 5). 
Scenario A 2050 resulted in larger irrigation 
requirements in northern EC, but in smaller irrigation 
requirements in southern EC (Table 5). According to 
289 
<-1500 
-1500< <-500 
Figure 12. Changes in water-limited grain pro-
duction (kg ha- 1 dry matter) of winter wheat in 
the main arable land areas in the EC if the 
weather was changed on the basis of the 
UKMO-L equilibrium 2 x C02 scenario and the 
direct effect of increased C02 was taken into 
-500 < <500 
500< <1500 
>1500 
account . 
the scenario, temperatures will become higher so the 
beginning of crop growth in spring was shifted to an 
earlier date, particularly in northern EC and to a more 
limited extent in southern EC. Moreover, grain filling 
ended earlier. Therefore, a rise in temperature 
appeared to result in a shifted and constant, or some-
times even longer, period of 'effective' growth in 
northern EC and in a shorter period in southern EC. 
This explains the larger water use and irrigation 
requirements in northern EC and the smaller ones in 
southern EC. Increasing atmospheric C02 resulted in 
more efficient water use. This effect of C02 roughly 
Table 4. Optimum crop temperature sums (as a percentage of average temperature sums for present varieties) until an thesis (T-
anth) and from anthesis to the end of grain filling (T-ripe) for Kin/ass in Scotland, Orleans in France and Brindisi in Italy for his-
torical and scenario weather data. 
Weather 
Historical weather 
Scenario A2050 
Scenario A2050 + CO,., effect 
Scenario A High 2050- + C02 effect 
Potential production 
T-anth & T-ripe 1 
100 % & 110 %' 90 % & 100 % 
100 % & 110 %, 100 % & 100 %, 110 % & 110 % 2 
100 % & 110 %, 100 % & 100 %, 110 % & 110 %2 
100 % & 110 %, 110 % & 110 %, 100 % & 100 %3 
1 Best temperature sums indicated first (starting from the left side), followed by second best sums. 
2 Only in Brindisi, Italy. 
3 Only in Orleans, France. 
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Water-limited production 
T-anth & T-ripe 1 
90 % & 100 %' 90 % & 90 % 
90 % & 100 %, 90 % & 90 % 
90 % & 100 %, 90 % & 90 % 
90 % & 100 %' 90 % & 90 % 
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counteracted the increased water use and irrigation 
requirements in northern EC which resulted from cli-
mate change, and which caused a larger decrease in 
the irrigation water required in southern EC. 
CONCLUSIONS 
Sensitivity analyses showed that water-limited grain 
production of winter wheat increased greatly with 
increasing vapour pressure, rainfall and atmospheric 
C02 concentration, decreased greatly with increasing 
windspeed, and decreased moderately with increasing 
solar radiation and temperature, except for southern 
EC where there was a slight increase with rising tem-
perature. 
Increasing concentration of greenhouse gases in the 
atmosphere may cause changes in climate. Various 
climate change scenarios appeared to yield consider-
ably different changes in production both for each 
location and for the EC as a whole. For example, for 
the equilibrium 2 x C02 scenarios (without a direct 
effect of C02), the average grain production of win-
ter wheat in the EC remained roughly constant for the 
GISS scenario but decreased by about 1 000 kg ha- 1 
dry matter for the UKMO-L scenario. 
The direct effect of increasing atmospheric C02 on 
wheat grain production appeared to be much greater 
than the effect of climate change. Moreover, the 
direct effect of C02 on production is more certain, 
whereas the effect of climate change is widely vari-
able depending on the scenario and not yet estab-
lished as fact. If both effects are taken into account, 
the average grain production of winter wheat in the 
EC increases by 1 000 kg ha-t dry matter or more for 
the equilibrium 2 x C02 scenarios. 
With climate change the highest level of potential 
production will generally be attained with wheat 
varieties that have larger temperature sum require-
ments for grain filling and hence a longer period of 
grain filling. If drought occurs at the end of the grain 
filling period, wheat varieties with smaller tempera-
ture sum requirements until anthesis, and hence an 
J. Wolf 
early start to grain filling, may yield the largest grain 
production, in both a current and a changed cli-
mate. 
Irrigation requirements for attaining the potential 
level of wheat production increased at locations in 
northern EC with the climate changed on the basis of 
the composite scenario for the year 2050, and in 
southern EC they decreased. When the direct effect of 
increasing atmospheric C02 was also taken into 
account, this counteracted the increased irrigation 
requirements in northern EC and caused a larger 
decrease in required irrigation water in southern EC. 
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